Because the locally favourable structure is globally unfavourable, choles teric liquid crystals are frustrated. Near the isotopic transition, blue phases (BP) appear as compromise structures to relieve this frustration. BPI and BPII are soft, cubic crystals with giant unit cells.
Some remarkable developments in the last 20 years in condensed matter physics can be attributed to the atten tion that has been paid to the state of matter known as liquid crystals or mesophases where the microscopic organiza tion is between that of an isotropic liquid and the usual crystal. Blue phases are probably the first liquid crystal phases to have been observed. The Austrian bota nist, Reinitzer noted in 1888 when cool ing the liquid phase of chiral (i.e. contai ning at least one asymmetric carbon atom) and elongated molecules, «a violet and blue colour phenomenon» -the blue phases -«which appears, then quickly disappears, leaving the substance cloudy but still liquid» (iden tified now as the heliocoidal cholesteric phase) ...«which forms oily streaks in the melt» 1). In contrast to the helicoidal phase that persists over several deg C, the blue phases of which there are three typically exist over a range of fractions of a deg C. This explains why it has taken nearly 100 years to realise that the sym metry and physical properties of blue phases are distinct from the usual heli coidal phase, the cholesteric liquid cry stal phase 2).
Here, we describe experiments at Orsay and at Bell Laboratories 3-5) that show directly the molecular organiza tion of blue phases. We also discuss the notion of geometric frustration applied to chiral molecules 6) since it is believed to be the fundamental reason for the di versity of the cholesteric phase.
Definition of the Blue Phase Order Para meter
The organization of blue phases I and II probably corresponds best to the naive picture evoked by the term liquid crystal (Fig. 1) . On a microscopic scale, the mo lecules are as mobile as in the isotropic liquid state. In a volume, v, that is small but still contains thousands of mole cules, the direction along which the sys tem chooses to orient, n, called the director, results in an anisotropy of the dielectric tensor, ε(r). Its anisotropic part, distinguishes blue phases from the isotropic liquid and can be treated as an order parameter. It turns out that for blue phases I and II, referred to as BPI and BPII, is in variant with respect to the symmetry operator of a crystallographic group, Gs, the crystal symmetry of which gives to the order parameter, εa(r) a periodicity. It can be expanded in a Fourier series 7):
The lattice constant of the Bravais lat tice of Gs is giant by crystallographic standards -a unit cell is typically 0.3µm across and contains some 107 molecules. Thus, while on a macrosco pic scale BPI and BPII resemble the usual crystal state, because of the large size of the unit cells, they can be considered to be special colloidal crystals 8).
There is a third blue phase called BPIII or simply, the fog, that occurs at a higher temperature than BPI and BPII. Since this phase is not periodic, it appears to be the liquid state analogue of BPI and II.
These unusual structures raise seve ral questions.
1. What is the symmetry and the pre cise form of the tensor field, εij?
2. What are the physical properties that result?
3. Why should such structures occur in the first place?
A direct way of studying the sym metry and structure of crystals is by observing their shapes and the diffrac tion patterns they create in convergent light. We have developed an experimen tal set-up where both can be done simul taneously on the same monocrystal and in the following, we describe some of our observations and discuss how our results help answer some of the ques tions raised above.
Determination of Symmetry and Struc ture of Blue Phases 3·4)
With the experimental set-up shown in Fig. 2 , we study both the real-space form of blue phase crystals as well as the symmetry of their Bragg reflections. The apparatus comprises a reflecting, optical microscope with a monochroma tor providing a light source of wave length X between 3500Â and 10000Â. Because of the large lattice constants, the wavelength of the Bragg reflections that measure the Fourier components εq of the order parameter, fall in this range of wavelengths. The temperature is con trolled and stabilized to better than 0.01° C. 
Observations in Real SpaceCrystal Facets 3)
When the incident wavelength, X, sa tisfies the Bragg reflection condition for a particular Fourier component of the order parameter and the corresponding q is parallel to the microscope axis, the blue phase crystal that nucleated on the colder face of the cell, S in Fig. 2 , and grew in the isotropic liquid phase, ap pears as a bright polyhedron on a dark background. From such observations, one learns that BPI and BPII have dif ferent crystal shapes and Bragg reflec tions. Only diffuse scattering is associa ted with BPIII and it shows no facets. Little is known about this phase and we do not discuss it here.
In general, the shape of the crystals is directly related to the symmetry of the lattice. Furthermore, the surfaces are usually composed of facets (smooth) joined by rounded (rough) parts. Facets are a consequence of the translational order or periodicity of the crystal and their relative disposition is determined by point symmetries (rotations and re flections).
The study of blue phase facets is inte resting for two reasons. In the first place, empirical methods developed at the turn of the century are available for determin ing the symmetry of the blue phases. Using these methods, we found that the space group (see insert) of BPI is 08(I4132) and that of BPII is 02(P4432). Second, there has been a revival of in terest recently in the general problem of facetting in crystals. Blue phases con stitute a rare system because facets, steps and domain walls can all be direct ly observed and their dynamics studied In order of increasing growth rates, the facets are {110), {211}, {310), {222} and {321). According to the empirical law of Bravais, Donnay and Harker, this is the signature of the group 08(I4132) for which the Bravais lattice is body cen tred cubic. The helicoidal nature of the fourfold screw axis, 41, accounts for the absence of {100} facets.
Observations in q-spaceKossel Diagrams 4)
In addition to these real-space obser vations, Kossel diagrams (Fig. 4) can be As the wavelength is changed, the Bragg angles change as a function of the lattice structure and the Kossel patterns change in a way that is consistent with the assignment bcc for BPI and sc for BPII. 
Orientation of Blue Phase Crystals by Electric Fields 5)
We find that electric fields orient blue phase crystals so that a 4-fold axis is parallel to the field. We account for this by considering the torque, Γ = P x E exerted on the polarization P by an elec tric field E. Because of the cubic symme try of blue phases, the second rank susceptibility tensor, ξij, is isotropic and cannot contribute to the orientation of the crystal. Higher rank susceptibility tensors must be 1) invariant under the operations of the point group 0(432) and 2) symmetric when indices are inter changed and the frequency of the elec tric fields is the same. There is no third rank tensor satisfying these conditions but there are two fourth rank tensors, ξaβyδ which do: an isotropic one, and an anisotropic one where n1, n2 and n3 are parallel to the 4-fold axes of the crystal. The total non linear susceptibility is a linear combina tion of these two quantities:
The torque exerted on a crystal of vo lume V, is then, Γ vanishes when the field is: 1) parallel to the 3-fold axis. This orienta tion is absolutely unstable when A > 0 and absolutely stable when A < 0; 2) parallel to a 2-fold axis with neutral stability or 3) parallel to a 4-fold axis with absolute stability for A > 0 and absolute instabi lity for A < 0. In intermediate positions, non-zero tor ques act on the crystal to bring it into the nearest stable position where Γ is zero.
Origin of Blue Phases: Geometric Frus tration of Chiral Molecules
In the usual helicoidal phase, Fig. 5a , chiral molecules tend to align parallel to a single direction, n in a plane of cons tant x. n rotates through 2π around x over a characteristic length, p, called the pitch. Call the energy of this configura tion zero. Consider now the case where, in an isolated region of space, n turns simultaneously about two axes, x and y over a distance r (Fig. 5b) with a pitch, p2. This structure is known as «double twist» 9) and it has the interesting pro perty that its total energy is negative compared to single twist when r is about p2/4. As r increases beyond this value, double twist becomes more energetic compared to the singly twisted choles teric phase. Thus, the structure that is locally favourable is globally unfavou- rabie compared to the uniform helicoidal phase.
If three-dimensional Euclidean space is regularly filled with cylinders of double twist 9) but of radius = p2/4, n is in register where the cylinders touch but there are holes in the structure. For example, in the [111] direction, n is in determinate in the gap between three mutually orthogonal adjacent cylinders (Fig. 5c) . One way to resolve the conflict is to fill this space with isotropic liquid, but at a cost in energy -the price of compromise -becoming less costly as the isotropic phase is approached. This accounts for the blue phases lying bet ween the isotropic liquid and the helicoi dal phase.
Cholesteric blue phases are one example among many of the diverse structures than can arise from geome tric frustration. Other examples may be found in the so-called Frank-Kasper phases, amorphous systems, liquid cry stal polymers and lyotropic liquid cry stals. The notion of frustration thus ap pears as a fruitful new idea that can be expected to lead to many new insights.
Conclusions
Although neglected or poorly under stood for nearly a century, because of their remarkable structure, their unusual physical properties and the theoretical questions they raise, blue phases de serve the interest they have finally been paid. New ideas generated to account for these phases will further our under standing of other systems of condensed matter physics.
